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Abstract Plants cope with cadmium (Cd) stress by
complexation with phytochelatins (Pc), metallothioneins
and glutathione and sequestration within vacuoles. Espe-
cially glutathione was found to play a major role in Cd
detoxification as Cd shows a high binding affinity towards
thiols and as glutathione is a precursor for Pc synthesis. In
the present study, we have used an immunohistochemical
approach combined with computer-supported transmission
electron microscopy in order to measure changes in the
subcellular distribution of glutathione during Cd-stress in
mesophyll cells and cells of different glandular trichomes
(long and short stalked) of Cucurbita pepo L. subsp. pepo
var. styriaca GREB. Even though no ultrastructural alter-
ations were observed in leaf and glandular trichome cells
after the treatment of plants with 50 µM cadmium chloride
(CdCl2) for 48 h, all cells showed a large decrease in
glutathione contents. The strongest decrease was found in
nuclei and the cytosol (up to 76%) in glandular trichomes
which are considered as a major side of Cd accumulation in
leaves. The ratio of glutathione between the cytosol and
nuclei and the other cell compartments was strongly
decreased only in glandular trichomes (more than 50%)
indicating that glutathione in these two cell compartments
is especially important for the detoxification of Cd in
glandular trichomes. Additionally, these data indicate that
large amounts of Cd are withdrawn from nuclei during Cd
exposure. The present study gives a detailed insight into the

compartment-specific importance of glutathione during Cd
exposure in mesophyll cells and glandular trichomes of C.
pepo L. plants.
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Introduction

Soil contamination with heavy metals can be a significant
problem for plant growth and development as high
concentrations of heavy metals tend to accumulate within
plant organs and negatively interfere with essential physi-
ological processes. One of the most commonly found heavy
metal in soil is cadmium (Cd). It can be naturally found in
low concentrations in the environment and tends to
accumulate to high and toxic concentrations in connection
with mining, zinc smelting, burning of fuel, phosphate
fertilization and the excessive use of sewage sludge in
agriculture (Toppi and Gabbrielli 1999; DalCorso et al.
2008). Cd is a highly reactive heavy metal and shows a
high affinity towards functional groups of biomolecules
(i.e., amino, carboxy, phosphate, and thiol groups; Mendoza-
Cózatl et al. 2005). Therefore, it interacts with various
physiological processes that are essential for plant metabo-
lism such as photosynthesis, respiration, or transpiration
(DalCorso et al. 2008; Ekmekci et al. 2008; He et al. 2008).
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Indirectly, high concentrations of Cd can lead to oxidative
stress resulting in an increase in anti-oxidative defense
enzymes (Toppi and Gabbrielli 1999; Hegedüs et al. 2001;
DalCorso et al. 2008; Ekmekci et al. 2008; Paradiso et al.
2008; Xu et al. 2008). Lipid peroxidation within plants
leading to alterations in the functionality of membranes and
the breakdown of chlorophyll is also a commonly observed
effect of Cd exposure (Schützendübel et al. 2001; Romero-
Puertas et al. 2002; Singh et al. 2006; DalCorso et al. 2008:
Paradiso et al. 2008; Xu et al. 2008). Visible symptoms (e.g.,
leaf roll, growth inhibition, chlorosis, root damage) are
therefore a commonly observed consequence after the
exposure of plants to toxic concentrations of Cd.

Even though Cd is not essential for plant metabolism it
is readily taken up by roots and transported through xylem
and phloem to the different organs (DalCorso et al. 2008;
Mendoza-Cózatl et al. 2008). Cd accumulation in different
organs and tissues varies greatly throughout different plant
species. As plants are not able to metabolize or eliminate
Cd it is generally detoxified by complexation with
phytochelatins (PCs), metallothioneins, and also glutathi-
one and subsequently by sequestration within vacuoles
(Toppi and Gabbrielli 1999; Rauser 2001; DalCorso et al.
2008). The long-distance transport of Cd-Pc and Cd-
glutathione complexes through xylem and phloem vessels
also seems to play an important role in the detoxification of
Cd (Mendoza-Cózatl et al. 2008). Glutathione fulfills
various important roles in the detoxification of Cd and
therefore changes in glutathione contents are commonly
observed during the exposure of plants to high levels of Cd
(Zawoznik et al. 2007; Ammar et al. 2008; DalCorso et al.
2008; Dučić et al. 2008; Nocito et al. 2008). Glutathione is
not only responsible for the direct complexation of Cd and
sequestration in vacuole but is also involved indirectly in
the detoxification of Cd by acting as a substrate for PC
synthesis and by detoxifying reactive oxygen species that
are commonly produced during Cd exposure (Rauser 2001;
Maksymiec and Krupa 2006; DalCorso et al. 2008).
Additionally, glutathione protects proteins during Cd
exposure by binding to their SH groups which would
otherwise be a potential binding site for Cd. The impor-
tance of glutathione in the detoxification of Cd is also
supported by the Cd-sensitive Arabidopsis mutant cad 2-1
that shows only about 15–45% of glutathione, measured
with biochemical methods, in comparison to the wildtype
(Howden et al. 1995; Cobbett et al. 1998).

So far, very little is known about changes in the
subcellular distribution of glutathione during Cd exposure
in plants which would give valuable information about
possible compartment-specific Cd detoxification pathways
that include glutathione. Most data about changes in
glutathione contents during Cd exposure have been collect-
ed in whole organs or within vascular bundle cells (Semane

et al. 2007; Zawoznik et al. 2007; Ammar et al. 2008;
DalCorso et al. 2008; Dučić et al. 2008; Nocito et al. 2008)
and it remains unclear to which extend Cd exposure
changes subcellular glutathione contents. Therefore the
present study was aimed at investigating compartment-
specific changes in glutathione contents during Cd expo-
sure in order to characterize the importance of glutathione
in the compartment-specific protection against Cd. In the
present study these changes were not only measured in
mesophyll cells of leaves but also in glandular trichomes
which are known to accumulate and extrude large amounts
of heavy metal (Choi et al. 2001; Ager et al. 2002, 2003;
Isaure et al. 2006; Harada and Choi 2008) suggesting an
important role of these epidermal structures in the detox-
ification of Cd. As it is technically challenging to measure
glutathione contents in glandular trichomes with biochem-
ical methods, immunocytochemistry combined with
computer-supported transmission electron microscopy
(Zechmann et al. 2006, 2008) was used in order to
characterize Cd-induced changes in compartment-specific
glutathione distribution.

These studies were aimed to gain a deeper insight into
Cd-induced impacts on the subcellular level of different cell
types of Styrian oil pumpkin, especially in connection with
changes in subcellular glutathione contents, since so far
very little was known about possible compartment-specific
Cd detoxification pathways including glutathione.

Materials and methods

Plant material

Seeds of Styrian oil pumpkin (Cucurbita pepo L. subsp. pepo
var. styriaca GREB.) obtained from Saatzucht Gleisdorf (Plant
Breeding Company Gleisdorf, Austria), were germinated on
humid Perlite. Throughout the experiment plants were
cultivated in climate chambers with a photoperiod of 12 h
and a light intensity between 150 to 170 µmol m−2 s–1. Day
and night temperatures were 22°C and 18°C respectively, the
relative humidity was 70%. Cd-treatment experiments were
performed with two weeks old Styrian oil pumpkin seedlings
by immersing the roots into a 50 µM CdCl2 solution (pH 5.8)
for 48 h. Control plants were kept in the same solution but
without CdCl2. The solutions were renewed after 24 h.
Youngest fully developed leaves were harvested 48 h after Cd
treatment and 2 h after the onset of light for ultrastructural
and immunocytochemical investigations.

Transmission electron microscopy investigations

Small leaf samples (about 1.5 mm2) from at least three
different plants were cut on a modeling wax plate either in a
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drop of (a) 3% glutardialdehyde in 0.06 M Sørensen
phosphate buffer (pH 7.2) for ultrastructural investigations
or (b) in a drop of 2.5% paraformaldehyde/0.5% gluta-
rdialdehyde in 0.06 M Sørensen phosphate buffer (pH 7.2)
for cytohistochemical analysis. Samples were then trans-
ferred into glass vials and fixed for 90 min at room
temperature (RT) in the above-mentioned media.

For ultrastructural analysis, samples were then rinsed in
buffer (four times, 15 min each) and post-fixed in 1%
osmium tetroxide in 0.06 M Sørensen phosphate buffer for
90 min at RT. The samples were then dehydrated in
increasing concentrations of acetone (50%, 70%, 90%,
and 100%). Pure acetone was then exchanged by propylene
oxide and specimen were gradually infiltrated with increas-
ing concentrations of Agar 100 epoxy resin (30%, 60%, and
100%) mixed with propylene oxide for a minimum of 3 h
per step. Samples were finally embedded in pure, fresh
Agar 100 epoxy resin (Agar Scientific Ltd, Stansted, UK)
and polymerized at 60°C for 48 h.

For cytohistochemical investigations samples were
rinsed in buffer (four times, 15 min each) after fixation
and then dehydrated in increasing concentrations of acetone
(50%, 70%, and 90%) for two times, 10 min each.
Subsequently, specimens were gradually infiltrated with
increasing concentrations of LR-White resin (30%, 60%,
and 100%; London Resin Company Ltd., Berkshire, UK)
mixed with acetone (90%) for a minimum of 3 h/step.
Samples were finally embedded in pure, fresh LR-White
resin and polymerized at 50°C for 48 h in small plastic
containers under anaerobic conditions. Ultrathin sections
(80 nm) were cut with a Reichert Ultracut S ultramicro-
tome. For ultrastructural investigations sections were post-
stained for 5 min with lead citrate and for fifteen minutes
with uranyl acetate at RT before they were observed with a
Philips CM10 transmission electron microscope. For
cytohistochemical investigations sections remained either
unstained or were stained for 15 s with 2% uranyl acetate
dissolved in aqua bidest at RT.

Cytohistochemical investigations

Immunogold-labeling of glutathione was done with ultra-
thin sections on nickel grids as described in Zechmann et
al. 2006. Briefly, samples were blocked with 2% bovine
serum albumin (BSA) in phosphate-buffered saline (PBS,
pH 7.2) for 20 min at RT. The samples were then treated
with the primary antibody (anti-glutathione rabbit poly-
clonal IgG; Chemicon International, California) diluted
1:50 in PBS containing 1% goat serum for 2 h at RT. After
a short rinse in PBS (three times, 5 min), the samples were
incubated with a 10-nm gold-conjugated secondary anti-
body (goat anti rabbit IgG, British BioCell International,
Cardiff, www.british-biocell.co.uk) diluted 1:50 in PBS for

90 min at RT. After a short wash in PBS (three times,
5 min) and distilled water (two times, 5 min), labeled grids
were either immediately observed in a Philips CM10
transmission electron microscope or post-stained with
uranyl acetate (15 s). Post-staining with uranyl acetate
was applied to facilitate the distinction of different cell
structures enabling a clearer identification of the investi-
gated organelles.

The selectivity and proper affinity of the primary
antibody against glutathione has been tested with compe-
tition assays in tissue sections using bona fide GSH and
GSSG as the target and a range of displacers. No
measurable glutardialdehyde-fixed tissue cross-reactivity
against L-alanine, γ-aminobutyrate, 1-amino-4-guanidobu-
tane (AGB), D/L-arganine, D/L-aspartate, L-citrulline, L-
cysteine, D/L-glutamate, D/L-glutamine, glycine, L-lysine,
L-ornithine, L-serine, taurine, L-threonine, L-tryptophan, L-
tyrosine was detected. Additionally, the antibody did not
bind to glutathionylated proteins on Western Blot experi-
ments nor to glutathionylated proteins in sections fixed with
formaldehyde (see technical note for glutathione antibody
on the website of the manufacturer www.immunologics.
com). Therefore, a reaction of the antibody with glutathio-
nylated proteins bound by glutardialdehyde to the protein
matrix of the tissue on ultrathin section seems very
unlikely. The antibody does not discriminate between free
reduced and oxidized glutathione (according to Signature
Immunologics Inc.).

Several negative controls were made to confirm the
specificity of the immunogold procedure. Negative controls
were treated either with: (1) gold-conjugated secondary
antibody (goat anti-rabbit IgG) without prior incubation of
the section with the primary antibody, (2) non specific
secondary antibody (goat anti-mouse IgG), and (3) primary
antibody pre-adsorbed with an excess of glutathione for 2 h
at RT prior to labeling of the sections. For the latter
antibody, a solution containing 10 mM of glutathione was
incubated with 0.5% glutardialdehyde for 1 h. The excess
of glutardialdehyde was then saturated by incubation for
30 min in a solution of 1% (w/v) BSA. The resulting
solution was used to saturate the anti-glutathione antibodies
for 2 h prior to its use in the immunogold-labeling
procedure described above.

Quantitative analysis of immunogold-labeling

Micrographs of randomly photographed immunogold la-
beled sections of mesophyll cells and two different
glandular trichome types (type I, the short-stalked trichome
with four head cells; type II, the long-stalked trichome with
two head cells, see Kolb and Müller 2004) were digitized
and gold particles were counted automatically using the
software package Optimas 6.5.1 (Media Cybernetics Inc.,
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Bethesda, Maryland; www.mediacy.com) in different visu-
ally identified cell structures (mitochondria, plastids, nuclei,
and the cytosol). Due to the low amount of gold particles
found in the apoplast, vacuoles, endoplasmic reticulum
(ER), and dictyosomes, no statistical evaluation of the gold
particle density was made for these compartments. For
statistical evaluation, at least three different leaf samples
were examined. Between 20 and 60 sectioned cell
structures of at least 15 different cells throughout the block
were analyzed for gold particle density. The obtained data
were statistically evaluated using Statistica (Stat-Soft, USA,
1994) and presented as the number of gold particles per
µm2. Unspecific background labeling was determined on
30 different sections (outside the specimen) from five
different samples and subtracted from the obtained values
inside the sample. Unspecific background labeling was
around 0.3 gold particles/µm2. For all statistical analyses,
the non-parametric Kruskal–Wallis test followed by a post-

hoc comparison according to Conover was used (Bortz et
al. 2000). P<0.05 was regarded significant.

Results

No visible ultrastructural modifications were observed in
Cd-treated mesophyll cells and in the glandular trichome
cells (head- and stalk cells), in comparison to the control
plant material (data not shown). The cell structure of glandular
trichome cells looked similar to what has been described by
Kolb and Müller 2004. Highest levels of glutathione were
always found in mitochondria. Immunogold-labeling of
glutathione in mesophyll cells and glandular trichomes was
similar as previously described for C. pepo leaf cells
(Zechmann et al. 2006). Second-highest labeling density
was always found in nuclei. In mesophyll cells, plastids
contained the lowest amounts of gold particles (about 90%

Fig. 1 Immunogold-labeling of
glutathione. Transmission
electron micrographs show gold
particles bound to glutathione in
mesophyll (a, b), long- (c, d)
and short-stalked (e, f) glandular
trichome cells from leaves of
Cucurbita pepo (L.). Lower
gold particle density can be
found in cells of plants treated
with 50 µm cadmium (b, d, f) in
comparison to the control (a, c,
e). CW cell walls, M mitochon-
dria, N nuclei, P plastids, St
starch, V vacuoles. Sections
were post-stained with uranyl
acetate for 15 s. Bars 1 µm
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lower than in mitochondria) whereas in glandular trichomes,
the cytosol showed the lowest amounts of gold labeling of
glutathione (about 90% lower than in mitochondria).
Glutathione contents in mesophyll cells were similar to what
was found in glandular trichome cells (Fig. 1 and Table 1). A
significant difference in glutathione contents between differ-
ent cells was found in nuclei of long-stalked glandular
trichome cells, which contained about 37% and 18% more
glutathione than the same organelle in mesophyll and short-
stalked glandular trichome cells, respectively.

Cd treatment significantly reduced immunogold labeling
of glutathione in all cell compartments of mesophyll cells
and glandular trichomes (Fig. 1 and Table 1). In mesophyll
cells, glutathione levels were decreased after Cd treatment
of about 43% in plastids, 38% in the cytosol, 34% in
mitochondria, and 30% in nuclei. In long- and short-stalked
glandular trichome cells a much stronger decrease of
glutathione was observed in nuclei (76% and 70%) and in
the cytosol (74% and 76%) in comparison to mesophyll
cells whereas the decrease in glutathione contents was
similar to mesophyll cells in plastids (33% and 45%) and
mitochondria (25% and 27%). Interestingly, the ratio of
glutathione between organelles was strongly changed in
glandular trichome cells but not in mesophyll cells
(Table 2). In long- and short-stalked glandular trichomes
the glutathione pool decreased in the cytosol from 7% to
2.8% and in nuclei from about 11–12% to about 5% of the
total glutathione pool found in glandular trichomes. On the
other side, the ratio of glutathione increased in mitochon-
dria which contained between 72% and 74% of the total
glutathione before Cd treatment and about 83.5% to 84.9%
of the total glutathione after Cd treatment within long- and
short-stalked glandular trichome cell. No significant change
in glutathione pool was observed in plastids.

Discussion

Glutathione plays an important role in plants in the
detoxification of Cd (Toppi and Gabbrielli 1999; DalCorso
et al 2008). Nevertheless, it remained unclear to which
extend Cd exposure alters the subcellular distribution of
glutathione in plant leaf cells and especially in glandular
trichome cells which are known to accumulate and even
excrete large amounts of heavy metals (Choi et al. 2001;
Ager et al. 2002, 2003; Isaure et al. 2006; Harada and Choi
2008). Generally, glutathione contents were found to be
similar in mesophyll cells and glandular trichome cells of
control plants indicating that there is no difference in the
distribution and levels of subcellular glutathione contents
between these cell types in non-stressed plants. Within
these cells, glutathione contents were found to be similar to
what has recently been reported for Arabidopsis, Beta T
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vulgaris, and C. pepo leaf cells which also showed highest
levels of glutathione in mitochondria and lowest levels in
plastids with intermediate labeling in nuclei and the cytosol
(Zechmann et al. 2006, 2008, 2009). No or only very little
glutathione was detected in vacuoles and in the apoplast
before and after Cd exposure. These results indicate that free
glutathione does not play an important role in the detoxifi-
cation of Cd or Cd-induced reactive oxygen species in the
apoplast and that free glutathione does not get released in
large amounts into the vacuoles after the transport of
glutathione–Cd complexes into the vacuoles. The absence
of immunogold-labeling in vacuoles also demonstrates that
the present immunohistochemical approach of glutathione
does not recognize glutathione bound to heavy metals in
vacuoles where glutathione–Cd-complexes are sequestered
after complexation in the cytosol.

After Cd exposure, no ultrastructural alterations were
observed in leaf and glandular trichome cells and no visible
signs of Cd-toxicity were observed on the leaves (data not
shown). These data are similar to what was found in other
glandular trichome cells that were treated with 50 µM
CdCl2 and also showed no ultrastructural alterations
(Pietrini et al. 2003). However, glutathione contents were
strongly affected by the treatment of Cd. All organelles
showed a strong decrease in glutathione contents after 48 h
of 50 µM CdCl2-treatment of up to 43% in plastids of
mesophyll cells and up to 76% in nuclei and the cytosol of
long- and short-stalked glandular trichome cells. This
decrease in glutathione contents is in line of recent reports
that have also shown a decrease in glutathione contents
after Cd treatment (Semane et al. 2007; Liu et al. 2007;
Ammar et al. 2008; Dučić et al. 2008) and documents the
importance of glutathione in the detoxification of Cd. The
decrease in glutathione contents after Cd treatment reflects
the involvement of glutathione in Cd detoxificaton. Gluta-
thione detoxifies Cd directly by complexation through the
thiol group and subsequently by the transport into and
sequestration in vacuoles. It also plays important roles as a
Pc precursor, which is, besides glutathione and metal-
lothioneins, an important component for Cd detoxification
(Toppi and Gabbrielli 1999; Rauser 2001; DalCorso et al

2008). Therefore, it seems that the contents of free
glutathione strongly decrease within leaf cells during Cd
exposure as it is used for Pc synthesis and for the
complexation and sequestration of Cd in vacuoles.

Nevertheless, a strong difference in the decline of
glutathione in certain organelles was observed between
mesophyll cells and glandular trichome cells. In mesophyll
cells, glutathione was decreased between 30% and 43%
depending on the organelle. In glandular trichome cells, a
similar decrease was found in mitochondria and plastids.
However glutathione contents in nuclei and the cytosol
were decreased between 70% and 76% in glandular
trichome cells. These results strongly indicate that glutathi-
one in these two cell compartments plays a crucial role in
the detoxification of Cd in glandular trichome cells. These
results are also supported by observations that glandular
trichomes can accumulate large amounts of Cd and might
even be considered the major compartment of Cd accumu-
lation in leaves (Ager et al. 2002, 2003; Isaure et al. 2006;
Harada and Choi 2008). Especially the cytosol seems to be
important for Cd detoxification in glandular trichomes as a
decrease between 74% and 76% could be observed.
Considering the high affinity of Cd to thiol components
(Rauser 2001; DalCorso et al. 2008), this seems logical as
the cytosol represents the first cell compartment that gets in
contact with Cd after its uptake into the cell. Additionally,
the cytosol is the major compartment for Pc synthesis and
therefore a strong decrease of glutathione during Cd
exposure in the cytosol as observed in the present study
would be a logical consequence. However, it remains
unclear why such a large decrease in glutathione contents
could also be observed in nuclei but not in plastids and the
mitochondria of glandular trichomes during Cd exposure.
In general, the precise role of glutathione in nuclei of plant
cells is unclear, even though it has been detected there with
light microscopical techniques after monochlorobimane
staining and with immunohistochemical methods in differ-
ent plant species (Müller et al. 2005; Zechmann et al. 2006,
2009). It has been proposed for mammalian cells that
glutathione in nuclei protects DNA from oxidative mod-
ifications, as the latter were negatively correlated with

Table 2 Ratio of glutathione between organelles

Cell type Mitochondria Plastids Nuclei Cytosol

Control Cadmium Control Cadmium Control Cadmium Control Cadmium

Mesophyll 76.0 77.0 7.4 6.5 8.7 9.0 7.9 7.5

Long-stalked trichome 72.0 83.5 8.8 9.2 12.2 4.5 7.0 2.8

Short-stalked trichome 74.0 84.9 8.5 7.3 10.5 5.0 7.0 2.8

Ratio (in %) of the distribution of gold particles bound to glutathione between cell compartments of control and cadmium stressed mesophyll
cells, long- and short-stalked glandular trichome cells of Cucurbita pepo (L.). Calculations were done with the data shown in Table 1
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reduced nuclear glutathione content (Green et al. 2006).
Nevertheless, the generation of large amounts of reactive
oxygen species and also the accumulation of large amounts
of Cd in nuclei seems to be unlikely as Cd accumulation are
mainly restricted to the cytoplasm and in vacuoles (Van
Belleghem et al. 2007). Therefore, the strong decrease of
glutathione during Cd exposure in nuclei in glandular
trichomes can only be explained by a Cd-induced relocal-
ization of glutathione from nuclei into the cytosol where it
plays important roles in the detoxification of Cd as
described above. Support for this hypothesis comes from
the large decrease in the ratio of glutathione between nuclei
and the cytosol in comparison to all other investigated cell
organelles in glandular trichome cells. Whereas the ratio of
glutathione between cell organelles did not change in
mesophyll cells after Cd exposure, a more than 50%
decrease was detected in nuclei and the cytosol of glandular
trichome cells. These results indicate that these two
compartments were especially affected by Cd treatment
and that glutathione was withdrawn from the nuclei to the
cytosol in order to assuage the higher demand of glutathi-
one for Cd detoxification in the cytosol. Only a minor shift
was found in plastids and mitochondria after Cd exposure
when compared to the control. The increase in the ratio of
glutathione in mitochondria of glandular trichomes in
comparison to the other cell compartments that showed
decreased glutathione contents also strengthens the previ-
ous made hypothesis that high and stable levels of
glutathione in mitochondria are important for cell survival
strategies especially during stress situations like the present
Cd exposure (Zechmann et al. 2006, 2008).

Summing up, short time 50 µM CdCl2 exposure did not
lead to ultrastructural changes in leaf and glandular
trichome cells of Styrian oil pumpkin, but caused a
significant decrease in subcellular glutathione levels. As
the decrease was found to be strongest in the cytosol and
nuclei of glandular trichome cells, it seems that these two
cell compartments play a crucial role in the detoxification
of Cd in glandular trichome cells. Additionally, it seems
that a massive amount of glutathione is withdrawn from
nuclei during Cd exposure in order to assuage the higher
demand of glutathione in the cytosol for the detoxification
of Cd. The present results also indicate that low contents of
glutathione may limit the operation of the glutathione–
ascorbate cycle in the detoxification of Cd in the long term,
which could lead to oxidative stress, lipid peroxidation,
and, eventually, to plant death.
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